The Haas effect is a well-known manifestation of the precedence effect. Originally Haas measured the echo threshold as a function of the primary auditory event and its single reflection equally loud. What is not well known is the lateral extent of the Haas effect in the localization dominance region of the precedence effect, as this was not the focus of Haas' experiments. We investigate how robust the Haas effect is in the localization dominance region, adjusting the level difference between lead and lag, using 200 ms band-passed noise presented dichotically over headphones. In addition, the onset and offset cues are removed for half the trials and left intact for the other half to investigate the roles of onset and offset cues versus ongoing. Lateral displacement of the auditory event is recorded with an acoustic pointer. Analysis of these results will help reveal the perceptual weighting of localization cues and the lateral extent of the Haas effect.
INTRODUCTION
The precedence effect describes a phenomenon whereby humans are able to localize sound sources within reverberant environments despite a large number of reflections arriving from as many different trajectories. Under certain circumstances, the auditory system will ignore the myriad directional information carried by reflections, localizing the auditory object with the first arriving wavefront.
The time between the arrival of the direct sound and its reflection is called the inter-stimulus interval (ISI). It is common in testing the precedence effect to simplify its analysis by presenting only a direct sound (lead) and one single reflection (lag). The precedence effect can be broken down in to three closely related phenomena: summing localization, localization dominance, and the breakup of the direct sound and it's reflection into separate images at the echo threshold. The specific points at which these effects transition one to the next vary depending on the onset/offset of the signals, their duration, spectral content, and other factors [1, 2] .
Listeners have been shown to experience summing localization for ISIs of 0-ms to approximately 1-ms when temporally non-overlapping clicks are employed [1] . Here, a perceptually fused auditory object is localized based on both the direct sound and its reflections. Within this range, shorter ISIs weight the auditory object towards the median point between the direct sound and reflections. Longer ISIs create an auditory object that is increasingly weighted towards the direct sound.
For ISIs of approximately 1-ms up to the echo threshold (usually between 4.5-ms and 80-ms, depending on the stimulus) a fused auditory object is still experienced, but it is now localized solely based upon the position of the direct sound source. This range, called localization dominance, is of particular interest as a key to both higher functionality of machine listening algorithms than we are yet capable of, and also as a window into the functioning of the peripheral auditory system. It is localization dominance that is specifically meant when the precedence effect is referred to in this paper.
The Haas effect is a particular manifestation of localization dominance wherein the level of the lag can be increased with regard to the lead by as much as 10-dB under certain circumstances still maintaining localization with the lead. [3] This phenomenon offers the potential of further insight into the mechanisms of spatial hearing and is especially important where the overall level of reverberation surpasses that of the direct sound, a phenomenon encountered all to often by computer listening software and humans alike. The Haas effect would appear to indicate that interaural time of arrival differences are the dominant cue allowing humans to perform the precedence effect, even when interaural level differences would weight the auditory percept towards the lag. Comprehensive reviews of the precedence effect have been written by [2] , [1] , [4] , [5] and [6] , amongst others. Dizon and Colburn, in an elegant experiment, [7] show that it is not quite so simple. After removing the onset and offset cues of lead/lag pairs they found that listeners could still perform the precedence effect to a certain degree, lateralizing the auditory percept to the side of the lead more often than that of the lag. This would argue for the importance of ongoing interaural phase cues for coherent lead/lag pairs. While Dizon and Colburn show the auditory percept being localized to the side of the lead, the lateral extent is not quantified.
This study aims to produce a body of directly comparable data for modelling the precedence effect, including in particular the Haas effect, and ongoing cues, so that the relative roles of onset, ongoing and interaural level differences can be further investigated. It is an extension of the work begun by Braasch et al. [8] , using similar stimuli and method. This paper is an initial offering in that regard, seeking to quantify the lateralization of the perceived auditory object under conditions that produce localization dominance.
Participants
Subjects were taken from the program in Architectural Acoustics at Renssealer Polytechnic Institute (5 males, 1 female, ages 24 -42). All were self-reported as normal hearing. One subject has extensive experience with listening tests similar to this one, all have extensive listening experience as musicians and sound engineers.
STIMULI
A 200-ms frozen white noise burst, with 20-ms cos 2 on and off ramps was used for the creation of all lead and lag stimuli. The noise was generated digitally in the frequency domain, bandpass filtered with a center frequency of 500-Hz to a bandwidth of 800-Hz, and then transferred into the time domain at 16-bit resolution and a sampling rate of 48-kHz. The 200-ms duration of the noise burst avoids the effects of filter ringing and more closely resembles natural stimuli, where lead and lag most often overlap. The lag was then scaled in amplitude by 0 to 10 dB, in steps of 2 dB. Signals were all normalized before delivery to avoid significant differences in overall power between different presentations of the frozen stimuli. For half the stimuli the lead was presented at an ITD of +300-μs with the lag at −300-μs. For the remaining stimuli the ITD of the lead was −300-μs and the lag was +300-μs. An inter-stimulus interval (ISI) of 4-ms was used for all stimuli.
For the second half of the experiment, the noise signals generated were long enough such that after introducing the desired ISI and then truncating the onset and offset of both signals there was more than 200-ms left. This was then diotically windowed to have 20-ms cos squared on-and off-ramps, yielding a dichotic 200-ms long signal with no time of arrival onset or offset differences. The same 500-Hz center frequency, 800-Hz bandwidth frozen noise as used in the previous experiment formed the basis of all signals. This method was based on that which was put forth by Dizon and Colburn [7] . 
Apparatus
Stimuli were D/A converted using a MOTU 896 HD and delivered through Sennheiser HD 600 headphones to subjects seated alone at a computer workstation in an acoustically isolated chamber. The headphones were calibrated using a Head Acoustics HMS-II.1 artificial head to deliver stimuli at 70-dB. Subjects wore a blindfold to avoid cross-modal interactions. Matlab was used for the generation of all signals and the collection of all data.
Procedure
Using the acoustic pointer via a laptop computer, each participant located the perceived lateral position of the binaural stimuli by adjusting the interaural-level difference (ILD) with a trackball mouse to approximate the location of the stimulus. The acoustic pointer had a center frequency of 500-Hz bandpass-filtered to 200-Hz bandwidth. When the listener perceives the stimulus and the pointer to be co-located along the azimuthal plane (s)he records their response by pressing the space bar on the computer keyboard. For the reference condition only the lead was presented with the same ITD of −300-μs,+300-μs, or 0-μs, in order that lead and lag lateralization data be directly comparable with ideal performance of localization dominance. Testing the reference condition also makes it possible to quantify the trading ratio between ILDs and ITDs for each subject, allowing the data to be normalized and pooled together across subjects as a larger sample.
Before subjects took the test they were given instructions and took a practice test to gain familiarity with the concept of an acoustic pointer and recording their responses. After completing the test, all subjects were debriefed and asked to explain what they had done in the test. Data was only kept from those subjects who recalled that: (1) one mouse button triggered the test sound and the other mouse button triggered the acoustic pointer, (2) the lateral position of the acoustic pointer could be changed using left/right mouse movement, (3) the task was to repeat adjusting the position of the acoustic pointer until both the acoustic pointer and the target matched in perceived lateral position. Subjects could replay the stimulus and pointer as many times as they required before recording their perceived lateralization of the auditory object. Testing was completed over three sessions spanning three days. Subjects were encouraged to take multiple breaks to avoid fatigue. Figure 2 shows the results of the first experiment probing the Haas effect. Presentations with the lead on the left are mapped onto presentations with the lead on the right. Therefore results for an ISI of −4-ms are combined with those of +4-ms ISI. In order to compare and average the perceived lateralizations of auditory events across subjects, responses are normalised using the trading ratios determined in testing the reference condition. Data points corresponding to −300-μs are normalized according to the equation:
RESULTS
Data points corresponding to +300 − μs are normalised according to the equation:
The value of each subject's median response to the reference stimulus is thereby converted to 1 or -1, depending on the side of presentation. In this way all data is scaled to be directly comparable across subjects. Since all data has been normalized, and asymmetry in hearing varies across all subjects, it is advantageous to pool the data in this way to reveal trends to a greater degree of certainty due to the larger sample. For the second experiment using truncated on-and off-sets this same method is used to process the response data.
The null hypothesis tested for the first experiment was that there would be no effect of varying the level of the lag with regard to that of the lead. Listeners would localize the auditory object to the direction of the first arriving wavefront for the 4-ms ISI. Classic localization dominance is shown for the 0-dB level. As the level of the lag is increased, the auditory percept is pulled in the direction of the lag. With the lag level 6-dB higher than the lead the auditory object is lateralized to the center. As the level of the lag is increased beyond this point the percept is lateralized increasingly with the lag. A two-tailed t-test was done for a significance level of 0.05%. It was found that there is a significant difference between the distribution of responses to the 0 dB lag level presentations and those at the 10-dB lag level (p < 0.05) and thus the null hypothesis was rejected. Figure 3 shows the averaged data across subjects for the second experiment. All data is normalized and ISIs are flipped as previously done with the data from the first experiment. In this case the null hypothesis was that there would be no lateralizing to either side due to there being no interaural level or time of arrival differences as a result of onset/offset truncation. In other words, the phase difference between lead and lag would have no effect on subjects' lateralization of the auditory object.
For the truncated onset and offset stimuli the auditory object was lateralized to the lead for ISIs of 1-ms, 2-ms, and 3-ms. Lateralization for these first three ISI was to the side of the lead, but not necessarily to its actual position. For higher ISIs listeners were just as likely to lateralize the percept to one side or the other, with the average response being to center the auditory object. A two-tailed t-test was done to compare the data for the 1-ms and 5-ms ISIs at a significance level of 0.05%. The two distributions were significantly different at (p < 0.05) and so the null hypothesis was rejected. 
DISCUSSION
It appears that, for these stimuli, the Haas effect is robust up to the point where the level of the lag is approximately 6-dB greater than the lead. That onset cues are not the only salient time-of-arrival information can be seen in the data with truncated onsets and offsets. Future experiments will quantify the Haas effect with truncated onsets and offsets to help in weighing the relative importance of onset and ongoing cues in the precedence effect. It is interesting that phase differences only produced an effect up to 4-ms ISI, with even 3-ms ISI already producing only a sidedness to the lead. Further experiments will be implemented to investigate this further. Given that it is highly likely phase difference cues will require correlated lead and lag signals to be useful, it will be interesting to consider diffuse reflections as well as multiple reflections. More ecologically valid stimuli such as these are currently being tested.
